Abstract
It is generally accepted that plasma treatment creates a complex mixture of process is called "hydrophobic recovery" and is much more pronounced for surfaces of 79 synthetic polymers than for biological surfaces (6, 9).
80
Cold plasma utilization was examined for bacterial eradication (10), for 81 elimination of soil bacteria (11) and for increasing seed germination and crop yield (12).
82
Several studies reported that wood plasma treatment led to improved adhesion 83 properties and wettability to liquid (13), which are important for the contact of 
106
Proposed surfaces for biofilm formation includes: polymer membranes (26), 107 activated carbon (27), glass surfaces (28), coal bottom ash, geo-textile sheets and 108 polyethylene terephthalate fibers (29, 30) .
109
In this study, the substrata for biofilm formation were thin branches of a local 110 pine tree, which are considered as agricultural waste (AW). The AW was pretreated by 111 cold low-pressure nitrogen plasma and corona discharges in an attempt to increase 
Materials and Methods

120
Agricultural waste
121
Thin branches of a local pine tree served as the agricultural waste. The thin 122 branches were cut to pieces of 0.06 g. For the biofilm experiments, three pieces were 123 added to each 50 mL tube. 
Biofilm viability measurements
133
The biofilm on the AW was washed three times with phosphate buffered saline
134
(PBS) to remove the planktonic bacterial cells. The biofilm viability was measured by solution (5 mg mL -1 in 0.1 M PBS, pH 7.4) for 3 h at room temperature in the dark (29) .
137
The reduced MTT salts was measured at 540 nm using a spectrophotometer. When the 138 absorbance was higher than 1 OD, the sample was diluted and reexamined.
139
Plasma treatment
140
Cold low pressure nitrogen plasma (Low pressure discharge)
141
The AW was exposed to a radiofrequency RF (13. by an RF oscillating electric field, generated in the gas region at a pressure (P) of ca 1.0
145
Torr and a power of 18 W for 1 min (Fig. 1) in a desiccator for 1 h (32).
163
Preparation of the bacterial cell for measurement of the apparent contact angle of 164 water on highly concentrated bacterial layer placed on glass slide 165 The cultures (50 mL) were grown on MMT or MMG to the log phase and The apparent contact angle of a sessile drop (1 µL) of distilled water on the filtered 170 bacterial layer as well as on the highly concentrated bacterial layer placed on the glass 171 slide was examined using a Ramé-Hart Advanced Goniometer Model 500 (6).
172
Measurement of the apparent contact angle of water on the agricultural waste
The apparent contact angle of water on the AW before and after the LPD 175 treatment, was measured with the Ramé-Hart Advanced Goniometer Model 500 (6).
176
Scanning electron microscopy (SEM) analysis of the agricultural wastes.
177
The sample was mounted onto an aluminum stub with a two-sided adhesive 
204
The same experiment was performed, but in the presence of glucose (Fig 2 B) 205 instead of toluene. In the presence of the exogenous bacteria the biofilm viability on the (1.54±0.20 OD) was 4.2-fold higher than on the untreated AW.
210
In conclusion, the LPD-treatment significantly increased the biofilm formation pretreated AW was 1.3 fold higher on the untreated AW (Fig 3 B) . putida. After 48 h the agricultural waste was washed and the biofilm viability was 225 measured by MTT analysis (Fig 4) . It can be seen that in the presence of P. putida the 226 biofilm viability on AW that was treated using CAPD at a distance of 2 and 5 cm, was biofilm formation were performed only using the LPD treatment.
232
Morphology of the xylem vessels after plasma treatment
233
The AW was treated using LPD as described in the Materials and Methods, and plasma. In addition, a sample of AW was treated using CAPD at a distance of 2 cm in 237 order to elucidate the reason of the lower effectiveness of CAPD on biofilm formation.
238
SEM analysis was performed on the internal and external surface of the AW (Fig 5) .
239
The internal untreated AW xylem vessels are organized in straight lines and the average 240 vessel width is 10.4±1.4 µm (Fig 5 A) . Irregularity of the xylem vessels with the increase 241 in the surface area was found in the AW treated using LPD. The width of the xylem 242 vessels showed a high diversity of between 4.4 to 26.4 µm, with a mean width of 7.6±5.7
243 µm (Fig 5 B) . The image of the AW that was treated only by a vacuum shows no 244 significant influence on the xylem vessels' topography compared to the untreated AW,
245
with a mean xylem vessel width of 13±3.9 µm (Fig 5 C) . However, when the agricultural 246 waste was treated using CAPD the width of the xylem vessels increased to 21.3±4.3 µm 247 and the surface of xylem vessels edge became smooth (Fig 5 D) . The SEM images of hydrophobicity were also examined in order to elucidate whether it is solely the 256 topography that influences the increase in biofilm formation.
257
Wettability of agricultural waste after plasma LPD treatment
258
Plasma usually activates a surface area and increases its wettability (6). The angle on untreated internal surface was established as 118°±0.7 (Fig 6 C) and on the 265 untreated external AW it was 75°±2 (Fig 6 D) . Note that the internal surfaces supplied of value of ca 30°, evidencing more likely the Wenzel-like regime of wetting.
272
The hydrophobicity of P. putida and B. cereus cell surface 273 The bacterial cell surface hydrophobicity can be an important parameter for 274 predicting the adherence of bacteria to a substratum according to its wettability. P. 
304
In the present study, agricultural waste was treated using LPD and CAPD in an 305 attempt to improve bacterial adherence. The exposure of AW to LPD led to a 3.5-fold 306 increase in biofilm formation of the exogenously added P. putida F1 in MMT (minimal 307 medium supplied with toluene) (Fig 2 A ) and 1.6-fold in MMG (minimal medium 308 supplied with glucose) compared to the untreated AW (Fig 2 B) . When the AW was 309 placed in a sterile MMT or MMG medium, where the biofilm formation evolved from 310 the natural bacteria that attached to the AW, biofilm formation enhancement was 4.2 311 and 2.7-fold, respectively (Fig 2 A and B) . It can be concluded that LPD plasma 312 treatment led to a higher biofilm formation of the exogenously P. putida as well as the 313 natural AW bacteria. A similar experiment was performed in the presence of B. cereus.
314
Biofilm formation of the exogenously added B. cereus in MMT and MMG on LPD-315 treated AW was 1.3-fold higher than in the untreated AW (Fig 3 A and B ). In the sterile
316
MMT and MMG medium, biofilm formation on the LPD-treated AW was 2.8 and 2.4 317 fold higher, respectively, compared to the untreated AW. The results again show that 318 plasma treatment led to higher biofilm formation.
319
Surface modification using plasma treatment is considered an economical and 320 environmentally friendly technology, since it is based on mild conditions. The 
332
In the present research, the plasma wood surface modification was used for the 333 purpose of enhancing biofilm formation for an application in soil bioremediation. As 334 discussed earlier, the plasma LPD treatment led to an increase in biofilm formation of AW showed significant topography changes (Fig 5 B) compared to the untreated AW 337 (Fig 5 A) . The average diameter of the untreated AW xylem vessels is 10.4±1.4 µm, 
359
From our results and from the above-mentioned studies it can be concluded that 360 the surface roughness enhanced biofilm adhesion.
361
It was reported that the hydrophilicity of the bacteria as well as the substratum 362 surface may also influence bacterial adhesion. surface.
385
The low-pressure discharge treatment technology can be further applied for 386 increasing the bioremediation of contaminated soil. 
565
In the presence of exogenous bacteria, P. putida F1 (+) or without (-).
566
The P-value between the biofilm of the exogenous bacteria on the treated and the 567 untreated AW is P < 0.05. Same P-value for the biofilm of the indigenous bacteria. 
575
In the presence of exogenous bacteria, B. cereus (+) or without (-).
576
The P-value between the biofilm of the exogenous bacteria on the treated and the 577 untreated AW is P < 0.05. The same P-value was obtained for the biofilm of the 578 indigenous bacteria. 
599
The scale bar is 20 µm. 
